This article deals with a methodology for a computer-aided design of electromechanical actuators from the preliminary design of components to the detail design of the electrical motor. The developed library of components for the simulation takes advantage of the non-causal and object oriented characteristics of the Modelica language. The capabilities of the Modelica language and the LMS.Imagine.Lab AMESim or Dymola Platforms are strongly used in order to build a fully integrated process to design and size the different component of the final actuator. The proposed approach is illustrated with the sizing of a flight control actuator.
Introduction
Thanks to the development of powers electronics and permanent magnets, electromechanical actuators are very promising with respect to, e.g. automatic operating mode, power management, reliability, maintainability. For this reason, it can be very interesting to replace current actuators based on another technology less promising in these fields (e.g. hydraulic) with electromechanical actuators. A good illustration of this tendency is the research effort towards the "more electric aircraft" in aeronautics [1] . An electromechanical actuation system is very complex to design and to optimize, especially because of its multidisciplinary characteristic [2] . This paper presents a new methodology to help the engineer from the preliminary to the detailed design of electromechanical actuators. Modelica coded libraries used here are especially to encompass 2 steps in the V design cycle ( Figure 1 ) :
• The power sizing (part 2) which aims at sizing and specify the various components of the operating system in order to meet the specification requirements (on nominal points or on mission profile) in terms of effort and speed (and therefore power).
• The detailed design of components (part 4), brushless motor here, which allows the designers to obtain fine sizing of components in order to enable the fabrication and more accurate simulations.
Preliminary design library for components specifications

-Sizing wave
As indicated in the previous part, the power sizing aims at determining the correct size of the devices in order to comply with the mission profile of effort and speed. Then the general methodology can be expressed as follows (see Figure 3 ):
• Based on the load and associated mission profile, effort and speed of each component are calculated following the entire actuation chain.
• Every component is sized such that it covers the mission profile curve established between effort and speed and requirements on other sizing parameters are satisfied, e.g. the RMS torque for an electric motor.
The simulations require many parameters that are known as "simulation parameters" (eg: Inertia, stiffness, thermal time constant, etc). They feed directly the equations that are solved by the equation solver.
Designers want to scan a large range of solutions quickly without searching for these very numerous "simulation parameters". It is preferable for them to work directly on a small number of "definition parameters" that characterize the components they use in a more technological way (e.g., Torque, speed, speed reducing ratio, etc.).
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For example : Reducer The simulations aim at confirming the selection of the components and carrying out a comparison analysis between different architectures. The simulation should allow the assessment of "sizing parameters" (eg: RMS torque for electric motors, RMC torque for speed reducers, etc) and of "comparison parameters" (e.g., mass of the component, etc).
Traditionally, the designers look into catalogues of manufacturing companies to get simulation parameters and make comparison between solutions. It requires repeated revisions of the design and of course, a lot of work. To avoid this time consuming iterations, some simulation software are equipped with large databases of full ranges of components [3] [4] [5] .
For our preliminary design library, it has been decided to develop models of the components on the basis of scaling laws in order to avoid the huge tasks of databases creation and maintenance. These transparent scaling laws provide users with the relationships between the definition parameters with simulation, sizing and comparison parameters.
For example, these quantities are for mechanical speed reducers (epicyclic gearing for example):
• Definition parameters: torque output, gear ratio, desired service life; • Simulation parameters: equivalent inertia, efficiency, parameters necessary for evaluation of service life; • Comparison parameters: mass, volume; • Sizing parameters: maximum torque and speed during a mission cycle, equivalent torque in fatigue.
-Inverse simulation with Modelica
The methodology described here requires the evaluation of the power variables of all the components for an imposed mission profile [6] . Traditional system simulation software such as Simulink does not achieve this kind of simulation using standard models and by making simple assembly of components. The simulation language Modelica [7, 8] is noncausal and does not impose a direction to the variables. In this way, a variable can be either the input or the output depending on the engineer needs.
-Scaling laws
The scaling laws, also called similarity laws, allow the study of the effect of varying representative parameters of a given system. They are used in different domains as microsystems [9] , mechanics [10] , hydraulics, fluid mechanics to compare different actuator technologies [11] , to adapt the dimensions of a mock-up in fluid dynamics, to size mechanic, hydraulic or electric systems, to develop and rationalize product families or to evaluate costs . This article uses the notation proposed by M. Jufer in [12] for scaling laws calculation. The scaling ratio of a given parameter is calculated as
With l, the parameter of the component taken as reference and l', the parameter of the studied component. A homothetic scaling of all the geometrical dimensions leads to link them all to their reference value by a single ratio l * . Models are developed only for components with a geometrical similitude. In this way, the evolution of a volume V of a cylinder in case of an identical evolution for all geometrical dimensions is
This last result remains valid for any other geometry. In the same way, it is possible to calculate the evolution of the mass M and rotating inertia J as function of the dimension l:
During scale change of components (e.g. motor, reducer, mechanism) some constraints must remain constant. These sizing constraints ensure an adequate use and life time for the components. For mechanical components, the constraints in the materials are limited by the elastic or fatigue limits. The use of scaling laws allows the direct determination of the simulation parameters (such as inertia) and comparison (e.g. with respect to mass) from the definition parameters (e.g., the torque). Thus, instead of using heavy databases that are difficult to build, only one reference component for each type of technology is required.
-Operating areas and sizing laws
During the simulation, it is necessary to verify the behavior of different components along the mission cycle to prevent their degradation. Generally, two types of operational limits should be distinguished. The first limit is due to a rapid deterioration of the component: this limit corresponds to the surface operating areas which are expressed in term of energy quantities such as effort and speed. For speed reducers, this corresponds to the material's elastic limits, followed by the absolute torque that the reducer can withstand and that is limited by the maximum mechanical constraint that its weakest point can withstand. It is possible to develop models to determine torque and speed limits with the help of scaling laws. The second type of operational limits corresponds to the gradual deterioration caused by damage accumulations which limit a component's service life or reliability. For speed reducers, this corresponds to the material's fatigue limits. In practice, the fatigue torque and the mean speed of a reducer are calculated to ensure the desired service life and reliability.
-Software implementation
The joint use of inverse simulation, scaling laws and calculation of sizing quantities has been implemented by the authors in a Modelica library for pre- These Modelica blocks or components were coded in a similar way to that illustrated by the example of the reducer in Figure 4 . The parameters setting interface, Figure 4 (a), presents parameters to be set by the user. The aim of their minimal number is to facilitate the manual use, exploration or optimization during the preliminary design phases. The example of the reducer requires:
• A reference of an industrial component that is a feature of a product range or of a technology which contains in a record all reference parameters.
• The definition parameters, here the torque and the gear ratio of the reducer: all the simulation parameters and the comparison parameters are calculated from theses quantities and from parameters of the reference component.
• The service life of the component: the component's reliability is calculated assuming that the mission profile of the mission to be simulated is repeated during the service life. 
(1) For this case study, an electromechanical actuator equivalent to the current hydraulic one is developed. In this way, the kinematics of the aileron and its actuator remains identical (i.e., use of a crank shaft and pivots and actuator stroke of 4 cm). In the current configuration, two actuators are connected in parallel to the load in an active-damping mode, where one acts on the aileron and the other is damping. However, for simplification purposes the de-clutching and damping aspects are not addressed in this study.
In order to give a frame to the design, the choice of the reduction ratios of the roller-screw and speed reducer is driven by an imposed electrical motor speed. First, the pitch of the roller-screw is minimized (5 mm/rev), thus the mass of the speed reducer is minimized. The observation of manufacturer catalogues [13] shows that 10 000 rpm corresponds to the maximum speed of the motors characterized by the max power required by the application (~110 W). Accordingly, the speed reducer ratio is adjusted to match a motor speed of 10 000 rpm, in order to minimize the motor output torque and thus its mass. The model of the load used for this study consists of an equivalent aileron moment of inertia of 1 kgm2, with a crankshaft of 45 mm. The effort from the antagonist hydraulic actuator is caused by the relatively low windage friction (about 107 N/(m/s)² ) and inertia of the hydraulic cylinder. It does not impact the power sizing notably and is therefore neglected. In the same way, the low frictions in the pivots of the load kinematics are not taken into account. Finally, the aerodynamic efforts are given along with the mission profile as a function of time.
On the one hand, the mechanical components are sized with respect to the maximum effort and speed, as well as the fatigue cumulated over their specified lifetime. On the other hand, the motor is sized with respect to the maximum effort and speed, as well as thermal constraints (e.g., temperature, RMS torque). As a consequence, two mission profiles are used for sizing: One representative of maximum effort and speed and another representative of the thermal constraints. Figure 5 illustrates these two mission profiles propagated at the actuator output (pivot between the actuator and crank shaft) in the force-speed power plan. 
-Results
The results obtained by following the sizing methodology described previously are collected in the table of Figure 6 . From these results, it is possible to carry out a mass and integration analysis efficiently. In this way the total mass of the actuator is the sum of the component masses returned by the different components models. Figure 6 also includes the component references used by the scaling laws, as well as offthe-shelf components the closest to the scaled ones. It appears clearly that despite the references are often far away from the scaled components (e.g., the nominal torque of the speed reducer reference is more than twenty times that of the scaled one) the scaling laws lead to existing off-the-shelf products accurately.
The comparison between the scaled and off-theshelf actuators illustrates the accuracy of the developed approach. One can notice that the off-the-shelf actuator is a little heavier than the scaled one (-23%). This difference of mass is mainly due to the fact that when there is no off-the-shelf component matching exactly the scaled one, then the next bigger component is selected. In the same way, the chosen reducer has a maximum reduction ratio lower than for the scaled one. As a consequence, the electric motor has a more important RMS torque and is bigger. From the dimensions listed, the actuator geometry can be represented within the wing profile to verify its integrability as shown in Figure 6 . The maximum length of the actuator is given by the distance between the pivots 1 and 2. Figure 6 shows that mounting all the components in-line does not allow the actuator to fit within these two pivots. A solution consists in mounting the brushless motor and the reducer alongside the roller screw thanks to spur-gears implemented between the reducer output and the rollerscrew input.
In order to take advantage of the developed actuator model, further design explorations could be carried out : effect of varying the length of the crank shaft, evaluating the influence of the actuator lifetime, assessing the interest of an active/active configuration to reduce the mission duty ... 
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Electrical motor design
Electrical actuator design
The design of an electrical actuator can be undertaken as a step-by-step procedure. It starts with the application requirements that are determine by the previous preliminary design. Then the type of the electrical actuator, that can meet the requirements, has to be chosen. Knowing the type of actuator, its sizes must be determined. This can be achieved by means of a sizing model. from only three main requirements among all those obtained from the preliminary design: the nominal torque, the nominal speed and the rms value of the electrical network supplying voltage (Table I) . A man of the art approach is then applied to help the users to make different choices. The first choices that the user has to make concern the design choices such as the motor form factor, which is the ratio of the bore diameter to its length, or the mean value of the magnetic field in the gap of the motor (Table II) . Airgap shearstress (Nm -2 )
Cooled by natural convection and totally enclosed motor: 3500 -7000; High performance motor magnetized by rare earth or NdFeB magnets: 7000 -21000; Liquid cooled motor: 70000 -105000
Current density (Am -2 )
Totally enclosed motor and cooled by natural convection: < 5 10 6 ;
Cooled by air forced convection: 5 -10 10 6 ;
Liquid cooled motor: 10 -50 10 6 From the torque requirement (Table I ) and the choice of the quantities in Table II , the bore diameter and the length of the motor can be calculated:
Six other choices must be made by the users. Among them are the choices of the permanent mag- 
Electrical actuator model library
In a last Block the electrical parameters of the motor such as the no-load flux, the cyclic inductance and the resistance of each phase. This 'Block Electrical_Parameters' can be connected to a Modelica user model that simulates the dynamic behavior of the motor. In order to help the user to make this kind of Modelica model a library based on lumped parame-ters model of electrical motors has been developed [20] . In this model the motor can have nonsinusoidal wave forms. With this library a user can simulate a variable speed motor fed by a PWM controlled voltage. Examples of simulation results are shown on figure 6 and figure 7. These results are obtained from a Modelica program that runs in an AMESIM environment. 
Detailed design of an aileron brushless motor
In this last section, the detailed sizing of a permanent magnet that meets of the requirements of the scaled motor presented in figure 6 is undertaken. The requirements of the projected motor are the following: nominal torque (Tn=0.23 N.m), nominal speed (Nn=10000 rev/mn), DC supply (U=48 V). The solution is inspired by the Maxon motor (EC45-136-212). The following general design choices have been made: product AJ of 2.10 11 A 2 m -3 , form factor l of : 0.4; The chosen AJ product is very high. This value has been determined after many tries with the step by step procedure described in section 4. We are trying to find a set of dimensions that suits the structure of a slotless motor as suggested by the Maxon motor solution (Figure 6 ). This AJ product has been chosen with a very low airgap flux density (0.1 T) in order to be able to put the winding between the stator yoke and the magnet. Besides these choice, a shear stress of one thousand N.m -2 is adopted which is very low according to the experts typical value of Table III The main drawback of this motor is that the stack length is already greater than the required length on figure 6 . The mass is half of the required mass, but it includes only active materials. The resistance is very high and the efficiency is relatively low. Except the length, all the parameters fit the requirement and are in accordance of the motor proposed by Maxon. be obtained from the detailed sizing procedure. One of the use of this procedure is the training of future motor designers. Such a procedure will give them the 'physical sense' that helps to design a motor.
Conclusions
The approach presented in this paper aims at improving the preliminary design and detailed design on the basis of an efficient sizing and rapid virtual prototyping.
For the preliminary sizing the keystone of this proposed approach is a uniform modelling of the components based on scaling laws that allows having a limited number of input parameters. Using scaling laws developed from the main physical constraints of the components makes the sizing representative of the state-of-the-art of technology. Moreover, it does not require a database or a large amount of data that are cumbersome to build and to maintain, but single component references only. The example has shown how the use of the developed library allows a fast modelling which can be useful for an exploration of different design configurations (active/damping, active/active) and design parameters (crank shaft length and lifetime) and thus supports well taking technical decisions early in the preliminary design by providing a rich insight into the design problematic in an efficient way. For the detailed design of brushless motors, the man of the art approach presented in this paper to design an electromechanical actuator can be very useful to design quickly a motor 'by hand'. The user controls at each step the effect of his choices on the performances of the motor. The example treated shows that it can be used to find non obvious solution with the help of a preliminary design method based of scaled laws. The results of this preliminary design forced to attempt non obvious choices different from those given by experts guide.
